Assembly of two-dimensional (2D) molecular arrays on surfaces produces a wide range of architectural motifs exhibiting unique properties, but little attention has been given to the mechanism by which they nucleate. Using peptides selected for their binding affinity to molybdenum disulfide, we investigated nucleation of 2D arrays by molecularly resolved in situ atomic force microscopy and compared our results to molecular dynamics simulations. The arrays assembled one row at a time, and the nuclei were ordered from the earliest stages and formed without a free energy barrier or a critical size. The results verify long-standing but unproven predictions of classical nucleation theory in one dimension while revealing key interactions underlying 2D assembly.
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A ssembly of two-dimensional (2D) molecular arrays on surfaces has been extensively investigated to understand the structural relation between substrate and film (1) (2) (3) (4) (5) (6) , revealing a rich world of frameworks (1, 2, 6) , tilings (1, 7) , and chiral architectures (1, 8) . Recognition of the electronic (9) , optical (9), chemical (2) (3) (4) , and mechanical (10) properties of 2D materials has intensified interest in their formation, yet little attention has been given to the underlying mechanism. Whether assembly is described by concepts of classical nucleation theory (CNT) (11) or falls within the broader context of "nonclassical" pathways involving formation, aggregation, and transformation of transient precursors (12) remains unknown. Using peptides chosen by genetic selection (13, 14) for their binding affinity to MoS 2 (0001), we investigated nucleation of 2D arrays by molecularly resolved in situ atomic force microscopy (AFM) and molecular dynamics (MD) simulations.
The peptides consisted of seven amino acids [Tyr-Ser-Ala-Thr-Phe-Thr-Tyr (YSATFTY), named MoSBP1] with acylated and amidated N and C termini, respectively, to reduce electrostatic interactions (15) (fig. S1 ). When incubated with freshly cleaved MoS 2 substrates, MoSBP1 assembled into elongated islands aligned along three equivalent directions on MoS 2 (0001) and exhibited aspect ratios that decreased with increasing peptide concentration ( Fig. 1, A to C) . The islands were~0 .7 nm in height ( fig. S2 ), indicating that they were one monolayer thick, and consisted of parallel rows with a periodicity of 4.1 nm (Fig. 1, D to F, and fig. S3 ). Comparison of the row directions to the underlying MoS 2 (0001) lattice demonstrated that they formed at an angle of 30°to the densest sulfur packing directions ( fig. S4 ).
Molecular-resolution imaging showed that each row consists of~1.1 nm × 4.7 nm units running at 60°to the rows (Fig. 1, E and F) , demonstrating the highly ordered structure of each row (Fig. 1F  and fig. S5 ). The dimensions and symmetry of the units were consistent with dimer formation with the same termini of the two monomers facing one another (C-to-C or N-to-N), as indicated by the following observations: (i) The length of each unit was~1.7 times the maximum possible length of a fully extended MoSBP1 molecule.
(ii) The units exhibited two-fold symmetry down to a submolecular level. (iii) The central portion of each unit was higher than the ends, suggesting overlap of the peptides in that region. (iv) The absence of chains extending along the direction parallel to the dimers, which would result in variable row widths, excluded an N-to-C or C-to-N association within the dimers. (v) Ring-like structures~0.5 nm in diameter, similar to the size reported in other AFM studies of a flat-lying phenyl ring (16) , lay symmetrically on both sides of the rows ( fig. S5C ).
To understand the detailed structure and key interactions that stabilized the film, we performed MD simulations using the CHARMMInterface force field (17) starting with single peptides in different orientations on MoS 2 (Fig. 2, A to D) . The MoSBP1 binding energy E ads was -96 ± 9 kcal/mol in the preferred orientation ( Fig. 2A) and originated from the replacement of~25 water molecules in direct contact with MoS 2 surface; these were weakly bound and gained more hydrogen bonds upon release into the solution ( fig. S6 , A to C). The entropy gain of water was partially compensated by entropy loss of the peptide upon binding, as shown on similar surfaces (18) , and the free energy of adsorption was approximately -103 ± 10 kcal/mol (see supplementary text). We tested all possible peptide orientations, without constraints in any direction, and found that the backbone preferred to align in the densest sulfur packing direction (Fig. 2, A to D) . Defining the direction of a single peptide as the orientation perpendicular to the main body of the peptide, we found a strong preference for single peptides to align at 30°, 90°, and 150°relative to the ½2 1 10 direction of the MoS 2 lattice (Fig. 2, B To understand the stabilization of peptide rows, we simulated numerous dimer configurations, the most stable of which is shown schematically in Fig. 2F and overlaid on an AFM image in Fig. 2G . We tested the stability of large assemblies of these dimers~20 nm in size with different row orientations relative to the lattice in MD simulations (Fig. 2, H to J). Peptide row stability was again substantially higher when aligned at 30°, 90°, and 150°relative to½2 1 10 (Fig. 2, K and L) . In all cases, some disorder was introduced during the simulation, presumably because of the smaller domain size relative to experiments and some limitations in both conformation sampling and force fields.
The most stable structures (Fig. 2 , H and K) were consistent with the topography seen by AFM (Fig. 2, L and M) ; a simulated AFM image based on the MD results (Fig. 2M) confirmed the importance of the phenyl rings of Tyr and Phe in surface recognition and attachment ( fig. S6, A to C) . The dimer itself was stabilized by hydrogen bonds between the -OH of Tyr 7 and the -C=O of Thr 6 , and possibly by p-p stacking between phenyl rings (Fig. 2F) . Interestingly, the adsorption of multiple peptides in large assemblies reduced the attraction per peptide from -96 to -18 kcal/mol (Fig. 2, A via hydrogen bonding and van der Waals interactions.
We further investigated the pathway and kinetics of array formation by continuously monitoring assembly by AFM, with scan rates as high as 2.56 s per frame (Fig. 3, A to O, fig.  S7 , and movie S1). The results showed that MoSBP1 nuclei exhibited the elongated structure of mature islands and grew along the preferred lattice directions from their first appearance, with no evidence of a transient precursor phase or attachment of large clusters over the course of~900 sequential frames, according to our current time resolution (Fig.  3, F to O, fig. S7 , and movie S1). Moreover, the characteristic 4.1-nm rows aligned along one of the three preferred directions were observed even in the smallest islands with lengths as short as~8 dimers (~9 nm) (Fig.  3, G and L) , further indicating a direct nucleation pathway. Simulation of single peptides and circular dichroism spectra showed that MoSBP1 tended to remain in a monomeric state in bulk solution, which suggests that monomers were the likely growth unit (see supplementary text).
In the early stages of assembly, a few islands grew along directions lying at 30°to the preferred directions, but disappeared over time (~25 min) ( fig. S8 ). Islands that grew along the preferred directions sometimes dissolved as nearby islands grew (~10 min) ( fig.  S9 ). These observations demonstrated both the higher stability of islands exhibiting dominant orientations and the reversibility of peptide binding (movie S1).
To understand the energetic controls on assembly, we used time-resolved in situ data to measure nucleation and growth rates, which revealed the crucial role of row-by-row assembly in controlling film formation. The longitudinal growth rate v lg was proportional to peptide concentration c (Fig. 3P) , whereas the lateral growth rate v la was proportional to c 2 (Fig. 3Q) . The initial nucleation rate J n was also proportional to c (Fig. 3R) , as was the number density of nuclei n ∞ approached asymptotically as time t → ∞ ( fig.  S10) . Moreover, the concentration below which J n = 0 (0.48 mM), within error, was identical to that at which v lg and v la reached zero (0.45 mM)-that is, the island solubility limit c e -and there was no lower limit to the size of nuclei that grew spontaneously ( fig. S11) . Thus, nucleation began as soon as c exceeded c e , J n º c, and the critical island size N c = 0.
These observations are seemingly in violation of predictions of CNT, which hold that 2D islands exhibit a critical size below and above which islands will, on average, dissolve and grow, respectively, and that N c should scale inversely with supersaturation s. Moreover, in two dimensions, CNT predicts an exponential dependence of J n on s, leading to a strongly nonlinear dependence on c (11, 19) . We can reconcile the apparent contradictions and understand all of the observed phenomena by recognizing that, although the final islands are 2D, they form one row at a time. The free energy barrier of CNT arises from the difference in the dimensional dependence between the free energy change DG associated with the drop in chemical potential upon crystallization and that associated with surface (3D) or line (2D) tension of the new phase. In two dimensions, the (negative) first term scales with island area A, whereas the (positive) second term is proportional to the perimeter. The second term dominates at small size, but the first term eventually wins out, giving rise to a barrier at finite A and a critical size N c (11, 19) (fig. S12 ). In contrast, in one dimension, both contributions to DG are proportional to the length L of the nucleus; consequently, there is no barrier, and N c = 0 (fig. S12) . Thus, when the assembly process is viewed as continual nucleation of 1D rows, rather than conflicting with CNT, the results verify its long-standing prediction that nucleation of 1D structures occurs without a free energy barrier.
The distinction between the nucleation kinetics of MoSBP1 rows and that of amyloid fibrils, which constitute a quasi-1D material, further highlights the 1D nature of MoSBP1 nucleation. In the amyloid fibril system, which exhibits similar 1D growth behavior, a two-step condensation-ordering process with a nucleation barrier is widely observed (20) . However, in that system, the initial formation of the disordered oligomeric precursor phase constitutes the nucleation step and leads to the typical shape of the nucleation barrier in three dimensions as described by CNT (20) .
The fact that there is no free energy barrier to nucleation does not mean that nucleation occurs in the absence of density fluctuations, which all systems at finite temperature must possess. However, when building 1D structures, even density fluctuations that create dimers create supercritical nuclei, because the monomer defines the critical cluster size. The lack of a free energy barrier also does not mean that nucleationor, for that matter, growth-is unopposed by kinetic barriers associated with molecular-level processes, such as desolvation, conformational changes, or breaking and making of hydrogen bonds. However, these activation barriers are fundamentally different from free energy barriers that are associated with the ability of the system to explore all the available configurational states and are governed by the probability of forming an island larger than the critical size. The activation barriers do not depend on supersaturation and thus have no impact on the dependence of J n on s. However, because J n depends exponentially on both the free energy barrier and the activation barrier, both are important in determining the frequency of nucleation. Thus, even though the lack of a free energy barrier leads to a linear dependence of rate on concentration, the finite activation barrier ensures that nucleation occurs nonetheless through discrete events.
The difference in the concentration dependence of longitudinal and lateral growth rates can also be understood as a consequence of rowby-row growth. Monomers that attach at the row ends are strongly bound, and every attachment is an independent event. Thus, v lg should be linear in c, as observed (Fig. 3P) . However, when a new row (n = 2) forms adjacent to the first (n = 1), the weakness of end-to-end binding causes the attached monomers to have low stability, such that the creation of a stable dimer requires a second attachment event before the first monomer detaches (Fig. 3Q) . Hence, v la should be quadratic in c. This difference explains why increasing c leads to smaller island aspect ratios (Fig. 1, A to C) : The rate at which rows n ≥ 2 are created relative to the rate at which existing rows lengthen is proportional to (c -c e ). In addition, the fact that the lateral growth rate also reaches zero at c = c e further demonstrates the barrier-free nature of nucleation in this system. The lateral growth rate is directly proportional to the rate at which new rows nucleate heterogeneously along existing rows. Although this rate can be expected to exceed that of new, isolated rows (i.e., homogeneous nucleation), in CNT the kinetics of heterogeneous nucleation are governed by the same expressions with a modified value of the surface or line tension. Thus, a critical size and barrier would be expected for 2D nuclei.
The question then arises as to why the nucleation rate of the first row is linear in c, whereas that of rows n ≥ 2 is quadratic. We constructed a set of rate equations to describe the creation and destruction of all adsorbed species, including monomers, dimers, and rows (see supplementary text), and derived the initial nucleation rate dn/dt (near t = 0):
where k þ m , k þ n , and k À m are the rate coefficients for monomer adsorption, attachment to an adsorbed monomer to form a nucleus, and desorption, respectively. In the limit of high k À m (i.e., low coverage), J n º c 2 . However, at high k þ m -high monomer coverage-J n º c, because every adsorbing monomer has a high probability of finding a monomer that has already adsorbed. Thus, although the need to dock a monomer to the side of a row leads to a quadratic dependence on c for nucleation of rows n ≥ 2, a high coverage of adsorbed monomers produces a linear dependence on c for the first row of any island.
Finally, to determine the impact of sequence and surface on the pathway, we investigated assembly on MoS 2 (0001) by three other sequencesthe reversed sequence MoSBP1-R (Tyr-Thr-PheThr-Ala-Ser-Tyr; YTFTASY), the scrambled sequence MoSBP1-S (Ser-Ala-Tyr-Phe-Tyr-Thr-Thr; SAYFYTT), and a weak-binding sequence, MoSBP20 (ThrSer-His-Met-Ser-Asn-Thr; TSHMSNT)-as well as assembly of the original sequence on highly ordered pyrolytic graphite (HOPG). The reversed sequence MoSBP1-R assembled on MoS 2 into a structure similar to that of MoSBP1 ( fig. S13 , A to C), although a larger concentration (5 mM) was required to initiate nucleation and growth. For both the scrambled version MoSBP1-S, which still contained the phenyl rings, and the weak-binding sequence MoSBP20, which contained no phenyl rings, no assembly occurred (fig. S13, D and E) even at c = 5 mM.
Substitution of HOPG for MoS 2 revealed yet another assembly pathway made possible through the row-by-row nucleation process. MoSBP1 still assembled into 2D films similar to those seen on MoS 2 (Fig. 4) , but most of the rows constituting these films began as isolated independent nuclei (Fig. 4, A to D) . Over time, the MoSBP1 rows, which were immobile on MoS 2 , were able to diffuse across the HOPG surface and aggregate to form the final compact, highly ordered 2D domains (Fig. 4, E and F) . Individual rows aligned along metastable orientations were more mobile, aiding in the aggregation process ( fig. S14 ). These results highlight the key role of epitaxial match in tuning the assembly pathway. Although MoSBP1 exhibits commensurate epitaxial growth on MoS 2 , the mismatch with the HOPG lattice leads to strained epitaxy ( fig. S14 ). The effect of this strain is revealed through the smaller row spacing of 3.4 nm on HOPG versus 4.1 nm on MoS 2 and weaker binding, which leads to the observed mobility of the rows.
The use of peptides identified through phage display (13) (14) (15) has enabled control over the formation of a wide range of materials (13) (14) (15) (21) (22) (23) (24) , and surface-directed assembly of such peptides has been shown to modulate the electronic properties of 2D materials (25) . In cases where structure has been investigated, patterns like those observed here are commonly reported. Our findings provide a mechanistic description of their formation and define the key controlling parameters.
The peptides investigated here exhibit structural features common to many polymeric and chain-like organic molecules that self-assemble on surfaces (2-5, 8, 21, 25, 26) : They possess a mix of hydrophobic and hydrophilic groups; they form many contacts between side chains and with both neighboring molecules and the underlying substrate; and, relative to side-to-side binding, they exhibit weak end-to-end binding. Indeed, a wide variety of systems form ordered 2D films exhibiting a row-by-row structure (21, (25) (26) (27) (28) . In addition, many peptides and other polymers form 1D fibers in bulk solution that then interact to form 2D and 3D structures (29) (30) (31) (32) . The above findings place these systems in the context of welldeveloped theories for the emergence of order and post-nucleation growth and provide a guide for interpreting and controlling their assembly.
